The lung is a major target organ for numerous viral and bacterial diseases of poultry. To control this constant threat birds have developed a highly organized lung-associated immune system. In this review the basic features of this system are described and their functional properties discussed. Most prominent in the avian lung is the bronchus-associated lymphoid tissue (BALT) which is located at the junctions between the primary bronchus and the caudal secondary bronchi. BALT nodules are absent in newly hatched birds, but gradually developed into the mature structures found from 6-8 weeks onwards. They are organized into distinct B and T cell areas, frequently comprise germinal centres and are covered by a characteristic follicle-associated epithelium. The interstitial tissue of the parabronchial walls harbours large numbers of tissue macrophages and lymphocytes which are scattered throughout tissue. A striking feature of the avian lung is the low number of macrophages on the respiratory surface under non-inflammatory conditions. Stimulation of the lung by live bacteria but not by a variety of bacterial products elicits a significant efflux of activated macrophages and, depending on the pathogen, of heterophils. In addition to the cellular components humoral defence mechanisms are found on the lung surface including secretory IgA. The compartmentalisation of the immune system in the avian lung into BALT and non BALTregions should be taken into account in studies on the host-pathogen interaction since these structures may have distinct functional properties during an immune response.
INTRODUCTION
Respiratory diseases play an important role in poultry and result in substantial eco-nomic losses to the poultry industry [27, 85] . In addition, several important poultry pathogens enter the host through the lung surface and subsequently disseminate to 312 S. Reese et al. their target organs in the body. Therefore, animal health significantly depends on the successful control of pathogen invasion and pathogen replication at the bronchus-associated mucosal surface and in the lung tissue. This implicates that vaccination strategies should induce effector mechanisms which help to prevent pathogen invasion in the first place. One way of achieving this goal is the vaccination through the mucosal surface itself, a technique frequently used by the poultry industry. It allows for an economical, efficient and reliable way of vaccination of large poultry flocks independent of the animal's age. Today most of these vaccines rely on live attenuated micro organisms but the development of non infectious vaccines is highly desired. The rational development of novel vaccines requires a comprehensive knowledge of the structure and function of the lung-associated immune system in birds in order to target vaccines appropriately and to provide efficient mucosal adjuvants. There is very limited knowledge about the lung-associated immune system in the chicken and in poultry in general which might be a consequence of the unique and complex anatomy and function of the avian lung.
In birds, the body cavity is not divided by a diaphragm and ventilation is achieved through a unique way of gas transport which requires the action of the air sacs [23] . As a consequence the avian lung is rigid, fixed at the thoracic walls and comprises a highly complex structure [62] . For a better understanding of the lung-associated immune system in birds we will first introduce the basic features of the avian lung and subsequently discuss the structure and function of the bronchus-associated lymphoid tissue (BALT), the interstitial immune system and additional immunological effector systems of the lung.
ANATOMY OF THE AVIAN RESPIRATORY SYSTEM
The avian parabronchial lung differs morphologically from the mammalian bronchioalveolar lung in certain key aspects [18, 41, 44, 49] . While the arrangement of the bronchial airway system of the mammalian lung displays iterating, commonly dichotomous bifurcations which terminate in blind-ended air conduits [31, 48] in the avian lung, a highly intricate anastomotic system exists [6, 44, 90] . In complete contrast to the tidally ventilated mammalian respiratory system, where fresh inhaled air is mixed with residual stale air in the respiratory airways, the avian lung is a flowthrough system [42]. Through the system of air conduits, the primary bronchus, secondary bronchi and tertiary bronchi (parabronchi), the avian specific air sacs ventilate the lung continuously and unidirectionally like a pair of bellows [23, 43, 71] . Gas exchange takes place in the parabronchial tissue mantle, which is the fundamental functional part of the avian lung [40, 68] .
The primary bronchus enters the lung at the border of the anterior and medial third of the ventral lung surface and extends to the caudal margin, where it opens into the abdominal air sac [18, 51] . Four groups of secondary bronchi (e.g. medioventral ( Fig. 1 ), lateroventral ( Fig. 1 ), mediodorsal (Figs. 1 and 3a) and laterodorsal secondary bronchi) originate from the primary bronchus [36] . The inspired air completely bypasses the cranial lying openings of the medioventral secondary bronchi, a process which is termed inspiratory aerodynamic valving (IAV) [4, 5, 12, 47, 69, 86, 87] . In contrast, during the inspiratory phase as well as the exspiratory phase air flows in the mediodorsal and lateroventral secondary bronchi. This flow pattern results in a continuous ventilation of the parabronchial lung in a caudocranial direction ( Fig. 2) [70] . A more detailed discussion and illustrations of the functional morphology can be found in Duncker [19] , McLelland [51] , Maina [42] , Scheid and Piiper [70] .
The wall of the primary bronchus and the initial parts of the secondary bronchi are covered by a mucosa, which is longitudinally folded and ciliated [52] . The epithelium of The avian lung-associated immune system 313 the thin walled, poorly vascularized air sacs consists of squamous and cuboidal cells, with only a few ciliated columnar and nonciliated columnar cells [14, 51] . The entrances to the secondary bronchi with the exception of the medioventral bronchial openings show a modified mucosa with a non-ciliated flat zone as demonstrated by scanning electron microscopy [52] (Fig. 3b ). This zone was found to be the primary location of the BALT in the avian lung [21, 84] ( Fig. 1) .
A large number of parabronchi originate from the internal surfaces of the secondary bronchi connecting the mediodorsal and lateroventral secondary bronchi with the medioventral bronchi [17, 18, 51] . The wall of the parabronchi and most parts of the secondary bronchi are formed by the gas exchange tissue of the avian lung [18, 40] . The inhaled air flows through the parabronchial lumen and then centrifugally into the exchange tissue through the atria, the infundibula, and the network of air capillaries (Figs. 5a and 5b). The air capillaries are closely surrounded by a network of blood capillaries, which together constitute the most efficient gas exchanger unit among air-breathing vertebrates [41, 43] .
The blood-gas barrier essentially consists of an endothelium, a single basal lamina, and a very thin squamous epithelial cell layer [45] . The epithelial lining cells are extremely thin, their cytoplasm being so attenuated that the thickness is often not greater than that of the unit membrane [1] . The blood-gas barrier in the avian lung is approximately 56-67% thinner than that of a mammal of the same body mass while the respiratory surface area is approximately 15% greater [49] . While large surface area and thin tissue barrier enhance respiratory efficiency, these structural features predis-pose birds to pulmonary injury from environmental toxicants and invasion by pathogenic micro organisms [42].
BRONCHUS-ASSOCIATED LYMPHOID TISSUE
Organized lymphoid structures in the bronchial mucosa of the chicken lung were first described by Bienenstock et al. in 1973 [8] . These lymphoid aggregates were found to be highly similar to Peyer's patches and other gut-associated lymphoid tissues (GALT) and were designated BALT. In the original report, finger-like mucosal projections containing lymphoid nodules with germinal centers (Fig. 3c ) were described. They were found far more frequently in the chicken than in any other species examined. However, these early observations have not been followed up for nearly 20 years and only recently new interest in respiratory diseases has led to a more detailed analysis of the lung-associated immune system in birds [84] .
BALT structures of the chicken and turkey are located at the junctions of primary and secondary bronchi [21, 84] (Fig. 1) as well as at the ostia to the air sacs [54] and are found regularly in birds raised under conventional conditions [20, 21] . In the chicken they are confined to the openings of the most caudal secondary bronchi, the mediodorsal, lateroventral and laterodorsal secondary bronchi [21] , while a wider distribution pattern including the regions of longitudinal foldings of the mucosa has been observed in turkey [20] . Mature BALT structures consist of lymphocyte aggregates which are covered by a distinct layer of epithelial cells harbouring considerable numbers of lymphocytes [22] , the lymphoepithelium or follicle-associated epithelium (FAE) [7, 20, 21] . The FAE is made up of ciliated and non-ciliated cells, the relative numbers of which differ significantly at different stages of BALT development [20, 21] . Four epithelial cell types have been described in the FAE [20, 21] including cells which have irregular microvilli on their luminal surface and close contact to lymphocytes and therefore display some features of microfold (M) cells. However, particle uptake by these cells has not been observed and characteristic organelles such as apical vesicles are absent [21] . It has been suggested that these cells may not be involved in antigen uptake and processing, but participate in tissue repair [20] . More detailed studies are required to understand the role of the non ciliated epithelium in the development and function of BALT nodules in birds.
Light and transmission electron microscopy revealed a similar cellular composition of the lymphoid nodules in chickens and turkeys. In 6 to 8-week-old birds germinal centers are found in most nodules and occasionally plasma cells are seen under the FAE. Macrophages, cells with dendritic cell morphology and heterophils are distributed in considerable numbers throughout the BALT nodules [20, 21] . Due to the availability of an extended set of leukocyte specific monoclonal antibodies in the chicken system, immuno-histological studies on the composition of BALT structures were carried out ( Figs. 4a and 4b ). This work confirmed the presence of large numbers of B cells, with IgM + cells in extend of IgG + cells and these again in extend of IgA + lymphocytes [22] . In cases where germinal centers are not present in the BALT struc-ture, B-cells are confined to the edge of the lymphoid tissue, whereas lymphoid nodules are composed of aggregates of T-cells in the centre surrounded by B cells [22, 32] .
The development of the BALT depends on the age and on environmental stimulation [32] . In day old chickens and turkey no or very few infiltrating lymphocytes are seen in the primary bronchus [20] [21] [22] . Within the first week after hatch CD45 + leucocytes start to migrate into the primary bronchus [33] and small lymphocytic infiltrates are found consistently at the openings of the secondary bronchi [20] . Within the next 3-4 weeks lymphoid nodules develop at these locations and IgM-, IgG-and IgAproducing cells can be detected [20, 22] . CD4 + and CD8 + T cells are found at the same time localized in distinctive patterns. In the absence of germinal centers CD4 + cells form single clusters while CD8 + lymphocytes are distributed throughout the nodules. Germinal centers can first be detected in 2 to 4-week-old birds [20, 22, 33] . They are composed of blast-like cells which stain positive for either of IgG, IgA or IgM and with the pan B cell markers HIS-C1 or CB3 [22, 33] . In addition, IgM and IgG bearing cells with long cytoplasmic processes resembling follicular dendritic cells are present in the germinal centers [22, 33] . In these BALT structures CD4 + T cells form large parafollicular caps around the germinal centres while CD8 + cells are scattered throughout the tissue [22] . The number of IgG-, IgA-or IgM-producing cells continues to increase during the following weeks and BALT nodules can be found surrounding the entire openings to the secondary bronchi in 18 weeks old birds [20] . In contrast to the situation in healthy humans and similar to the rabbit and rat [83] , BALT is a constitutive structure in the avian lung of specific pathogen free (SPF) and conventionally reared birds [20] [21] [22] 33] .
BALT development was shown to follow the same time course in SPF and conventional chickens [22] but seems to be influenced by environmental stimuli. Using a Bordetella avium infection model in turkey Van Alstine and Arp showed that the number of BALT nodules significantly increased in infected birds [84] . From these limited experimental data it can be concluded that SPF containment still provides sufficient stimulation by inhaled antigens for the development of the BALT. Whether an antigenic stimulus is essential for the induction of BALT formation in chicken is unknown. Studies by Bang and Bang [3] demonstrating lymphocytic infiltrates in the trachea and the Harderian gland of germ free chickens indicate that BALT structures might also be induced without microbial stimulation. However, the presence of inflammatory substances such as endotoxins in the inhaled air can not be excluded and may play a role in BALT formation. It is therefore conceivable that antigenic stimulation is required for the induction of BALT formation and for the development into fully mature structures in the first few weeks after hatch.
The demonstration of a highly developed and constitutively present BALT structure in the chicken and turkey stimulated some investigators to suggest that these mucosaassociated lymphoid structures may functionally compensate for the lack of lymph nodes in birds [22] . However, it remains to be shown if these structures specifically respond to antigenic stimulation by the generation of memory B and T lymphocytes.
THE INTERSTITIAL IMMUNE SYSTEM
In addition to the highly organised BALT structures a diffuse infiltration of leucocytes into the interstitial lung tissue has been described. Using a pan-leukocyte (HIS-C7) marker Jeurissen et al. identified leucocytes located in the tissue surrounding the parabronchi as early as day five after hatch [33] . The majority of these cells stained positive with an antibody specific for monocytes, macrophages and interdig-itating cells suggesting that these cells are antigen presenting cells. Furthermore, IgM + but not IgG + or IgA + lymphocytes were found at that time point. In older birds, Bu-1 positive B lymphocytes and CD3 + T cells are found throughout the parenchyma (Fig. 6 ). The majority of these T lymphocytes were described as CD8 + α/β TCR expressing cells but few CD4 + and γ/δ T cells were also found. Macrophages seem to be abundantly present throughout the interstitial tissue of the parabronchial wall ( Fig. 5c ). These cells were initially identified by their expression of MHC class II molecules and their reactivity with monoclonal antibodies CVI-ChNL-68.1-and 74.2 [34] . This observation is in good agreement with data obtained from standard histological and TEM studies as discussed below.
THE PHAGOCYTE SYSTEM OF THE AVIAN LUNG AND AIR SACS
In the mammalian lung alveolar macrophages constitute an important defence line at the gas-blood barrier [9, 10] that protects the extensive surface area which is only separated by a thin, easily assailable tissue barrier [55] . Relatively little is known about the corresponding cell type in the avian lungair sac system. In the literature these cells have been designated as "avian respiratory macrophages or phagocytes -ARP" [26, 76] or "free avian respiratory macrophages -FARM" [42, 77] . Alveolar macrophages can easily be collected by pulmonary lavage in mammals, however this procedure yields only few FARM in birds [25, 46, 55, 77, 81] . From these studies it was estimated that alveolar macrophages in mice or rats were 20 times more frequent compared to FARM in the lung of the much larger chicken [46, 79] . Some earlier studies even reported on a complete failure to obtain free avian respiratory macrophages through lung lavage [37, 39, 65] . In this context it should be noted that FARM obtained through lung lavage are not only derived from the surface 318 S. Reese et al.
of the lung but also from the air sacs as elegantly shown in domestic fowls and ducks [55] . Differences in the sampling technique as well as in the chicken strains and immune status of the birds may account for the variable results obtained within [76] and between studies.
The distribution pattern and the origin of FARM in the avian lung were addressed by several studies using light and transmission electron microscopy. Interestingly, FARM were never found on the surface of the air capillaries which represent the functional equivalent to the mammalian alveoli but were regularly present on the surfaces of the atria and the infundibulae [42, 46] . Thus, macrophages seem to be located at strategic check points where fresh air is distributed into the gas exchange areas and where particles can be trapped and removed. In support of this hypothesis, clusters of macrophages were identified in interatrial septa (Fig. 5c ) and the loose connective tissue at the floor of the atria at the entrance to the infundibulae and the gas-exchange tissue proper [37, 46] .
Phagocytic cells are also present in the air sacs. Studies using fiberoptic endoscopy identified heterophils as the most abundant cell population followed by macrophages and small numbers of lymphocytes [14] . Additionally, scattered solitary phagocytes were identified in the connective tissue of air sac walls [37] . Some controversy exists as to whether these tissue macrophages can be mobilised under non inflammatory conditions to migrate onto the lung surface. Whereas Klika et al. [37] did not find evidence for the migration of FARM from the interstitial tissue to the surface of the conducting airways other investigators reported the opposite [25, 77] . Nganpiep and Maina [55] compared the number of macrophages obtained by first and subsequent lung lavages and found a clear increase in cell numbers. The authors concluded that these cells emanated through efflux from the subepithelial compartment or even from the vascular system itself.
Inflammatory stimuli applied to the respiratory system efficiently elicit macrophages and heterophils to the respiratory surface. This was clearly shown by the high numbers of macrophages recovered from the lung and air sacs of turkeys after inoculation of incomplete Freund's adjuvant (IFA) into the abdominal air sacs. These macrophages showed rapid adhesion to glass surfaces, phagocytosis of zymosan particles and killing of Escherichia coli by in vitro assays [25] . Likewise, intratracheal instillation of heat-killed Propionibacterium acnes [79] as well as avirulent Salmonella typhimurium [82] induces a rapid and high level influx of avian respiratory macrophages, whereas the intravenous inoculation of Propionibacterium acnes resulted in a weak induction of respiratory macrophages [79] . No mobilisation of phagocytes was found after intravenous application of E. coli LPS, Saccharomyces cervisiae glucan, IFA or subcutaneous application of LPS-G-IFA [79] , compounds which are known to efficiently induce the migration of phagocytes to the mammalian respiratory system [76] . Comparable results were obtained in a Pasteurella multocida model, where intratracheal, but not oral administration of an apathogenic vaccine strain efficiently activated the nonspecific cellular defense system of the respiratory tract [28] . Migration of cells to the lungs and air sacs was evident within 2 h and showed peak activity at 8 h after stimulation [56] . Importantly, this response was only seen after administration of a relatively high number of stimulating live bacteria (> 10 8 ) and vanished within 3-4 days [78] . ARP elicited in this way showed increased phagocytic capacities in comparison to those obtained from control chicken [80, 81] . Similar results were found after inoculation of Pasteurella multocida into the caudal thoracic air sac in turkeys. The air sac reacted rapidly and intensely with exudation of heterophils (94%) and a smaller amount of macrophages (6%) [24] .
There is a very limited knowledge about adhesions mechanisms of micro organisms to avian respiratory macrophages. In one
The avian lung-associated immune system 319 investigation it was demonstrated that Serogroup A strains of Pasteurella multocida adhere to turkey air sac macrophages. The adhesion of the bacteria was mediated by capsular hyaluronic acid, which was recognized by a specific cell surface glycoprotein [63] . Additional experiments demonstrated that capsular hyaluronic acid bound to an isoform of the CD44 molecule expressed on cultured turkey peripheral blood monocytes [64] . This corresponds to the observation that mammalian alveolar macrophages express the hyaluronan receptor CD44 [15] . In another study where chickens were experimentally inoculated with avian fimbriated Escherichia coli it was shown that variations in the expression of the F1 fimbrial phase influenced the potential of avian respiratory macrophages for phagocytosis of these bacteria. E. coli isolates which expressed F1 fimbriae were rapidly killed by the macrophages, whereas in the absence of F1 fimbriae they were resistant [61] .
A more extended discussion of the nonspecific cellular defence system of the avian respiratory tract can be found in a recent review by Toth [76] .
PARTICLE UPTAKE IN THE AVIAN LUNG AND AIR SACS
Inhaled aerosol particles are eliminated from the respiratory system by several independent mechanisms including aerodynamic filtration, mucociliary clearance and phagocytosis. A detailed study by Hayter and Besch [29] showed that the deposition of particles critically depends on their size. Large particles (3.7-7 µm in diameter) are removed in the nasal cavities and the proximal trachea, while smaller particles are deposited throughout the respiratory system. Midsize particles (1.1 µm) are trapped primarily in the lung and cranial air sacs while smaller particles (0.091 µm) pass through the entire lung and are finally trapped in the abdominal air sacs. Removal of small inert particles (non-toxic iron oxide aerosol, particle diameter 0.18 µm) from the lung was first investigated by Stearns et al. [74] in a duck model. It was shown that these particles were not only phagocytosed by FARM but also removed by the epithelial cells of the atria and the initial portions of the infundibula. Moreover particles were found in interstitial macrophages. These observations were subsequently confirmed in chickens, pigeons and ducks by Maina and Cowley [46] as well as Nganpiep and Maina [55] who observed phagocytosis of putative foreign particular material and of red blood cells by the epithelial lining of the atrial muscles, the atrial floor and the infundibulae. From this work the picture emerges that the epithelium and the interstitial macrophages of the atrial and infundibular area play an important role in the removal of particles from the air on their way to the thin, extensive and highly vulnerable tissue of the gas exchange area [55] . With surface phagocytic cells at the atrial and infundibular levels [42, 46] , subepithelial phagocytic cells and interstitial macrophages [32, 39, 72] and resident pulmonary intravascular macrophages [46] , birds appear to possess a highly diversified pulmonary defence armoury [42] . Unfortunately, the pathway of antigen uptake and processing in the chicken lung has not been studied to date. It is therefore unclear, if phagocytosed material is presented to the local immune system in the BALT and parenchyma or transported to other secondary lymphoid organs such as the spleen.
As described above, smaller particles are transported through the lung into the air sacs. The thin air sac walls are primarily covered by squamous and cuboidal epithelial cells. In contrast to the epithelium of the parabronchial atria particle uptake by the air sac epithelium has not been described. In addition, a mucociliary escalator system was only found in the most proximal part of the air sacs right next to bronchial openings [14] . Thus, particle clearance is largely accomplished by phagocytic cells and is significantly slower than in the lung [25, 53] .
SECRETORY IMMUNOGLOBULINS -THE IgA SYSTEM
Adaptive humoral immune responses on mucosal surfaces are primarily mediated by secretory IgA [60] . In the chicken an IgA like immunoglobulin was originally described by Orlans and Rose [58] and was later shown to be present as a polymeric immunoglobulin in serum and in several external secretions [88] . Cloning of the chicken Cα gene provided structural data allowing the definite designation of this gene as the avian homologue for the mammalian α H chain [50] . Even though the existence of a secretory component in chicken IgA was proposed for many years [59] , final proof has been provided only recently through the cloning of the chicken polymeric immunoglobulin receptor [89] . IgA can be recovered from intestinal fluid, bile, tears and tracheal as well as lung washings [75] . However, the highest concentration of IgA is found in the bile fluid [66] .
The presence of IgA + B cells in the chicken respiratory tract was demonstrated by immunohistology. IgA + B cells and plasma cells were found beneath the tracheal epithelium in 6-weeks-old birds, but not in younger individuals [33] . In the lung, IgA + cells were already present in 2-weekold birds within the epithelium of both BALT and non-BALT areas and a dramatic increase in cell numbers was observed with age [22] . Using haemolytic plaque assays Lawrence et al. [38] demonstrated that these cells actively secret IgA. Since IgA can be obtained by lung lavage at readily detectable concentrations [13] it seems likely that IgA + cells in the tissue are the prime source of secretory IgA in the chicken lung. However, it is still unknown if the poly-Ig receptor is expressed on the lung epithelium and distribution of IgA secreted in the upper respiratory [2, 57] tract into the lung can not be excluded so far.
CONCLUDING REMARKS
The lung-associated immune system has largely been neglected in avian immunology research despite its importance in the control of respiratory diseases. The morphological studies discussed above clearly show that an organized mucosa-associated lymphoid tissue, the BALT, is constitutively present in normal chicken and turkey lungs. These structures show features characteristic for mucosal inductive sites [11] including T cell zones intervening between B cell follicles, the presence of antigenpresenting cells and a follicle-associated epithelium in contact with inhaled particles [22] . However, functional studies on antigen sampling properties, the transfer and processing of antigen and the stimulation of naïve T and B lymphocytes has not been published to date. Information on mucosal effector sites in the avian lung is even more limited. The presence of intraepithelial and interstitial lymphocytes has been described [33] . More recently, the isolation and functional characterization of CD8+ effector T cells expressing IFN-γ from lung tissue of influenza virus infected birds was described [73] . Unfortunately, this work did not specify whether these cells were obtained from the mucosal inducer or effector sides of the lung tissue. Similarly, a recent study in an infectious bronchitis virus model in chickens applied microarray analysis to investigate the host response in the lung but did not discriminate between BALT structures and the interstitial immune system as the source of RNA [16] . With the chicken genome sequence available [30] , future work on host-pathogen interaction will increasingly apply this approach or more targeted gene expression analysis [67] to the lung tissue. Such work should take the distinct anatomical structures of the lung-associated immune system into account which may very well show strikingly different phenotypic properties and functional activities.
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